Background--The arachidonate 5-lipoxygenase enzyme plays a crucial role in mediating inflammation to maintain homeostasis, yet certain allelic variants of the 5-lipoxygenase gene, ALOX5, may increase risk of atherosclerosis and coronary heart disease (CHD). Further, relations between ALOX5 and disease outcomes may be enhanced or attenuated depending on the bioavailability of 5-lipoxygenase enzyme substrates. By using a candidate gene approach in 6153 Multi-Ethnic Study of Atherosclerosis (MESA) participants, associations were determined among 1348 ALOX5 single nucleotide polymorphisms (SNPs) and carotid intima-media thickness (cIMT) as well as incident CHD, and interactions with plasma concentrations of arachidonic acid, eicosapentaenoic acid, or docosahexaenoic acid were tested.
A rachidonate 5-lipoxygenase (5-LOX) is a well-characterized enzyme that mediates the conversion of arachidonic acid (AA) to leukotriene B4-a crucial step in the acute phase immune response in maintaining homeostasis. 1 However, recent studies have indicated that 5-LOX activity may also promote pathophysiological events including atherogenesis and cardiovascular events. 2 More specifically, single nucleotide polymorphisms (SNPs) in the gene encoding 5-LOX (ALOX5) have been shown to increase inflammatory leukotriene production, which may, in turn, have implications for promoting inappropriate or excessive vascular inflammation resulting in atherosclerosis and eventual coronary heart disease (CHD). [3] [4] [5] [6] [7] To date, a number of well-powered case-control studies have examined associations of ALOX5 gene variants with metrics of atherosclerosis and CHD, yet findings have so far been inconclusive. Positive associations between ALOX5 and carotid intima-medial thickness (cIMT) as well as coronary artery stenosis (>80%) were reported by Dwyer et al 8 and Carlson et al, 9 respectively. In one of the largest case-control studies, 9 a variant in ALOX5 was shown to associate with the presence of coronary stenosis (>50%) in 3770 individuals; however, investigators were unable to replicate this result in a larger cohort of 13 152 participants of the Atherosclerosis Risk in Communities (ARIC) study. 10 In the context of CHD event outcomes, null findings between ALOX5 and myocardial infarction (MI) were previously reported, although a follow-up interaction analysis revealed that certain ALOX5 alleles were related to MI but only in those with a high intake of AA. 11 In total, evidence remains equivocal as to whether ALOX5 influences atherosclerosis or CHD, and further studies are needed. To more thoroughly assess whether ALOX5 is related to atherosclerosis and CHD, a number of interaction terms must be considered. Specifically, levels of polyunsaturated fatty acids (PUFAs) such as AA and the marine omega-3 eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) may modify the relation of ALOX5 and CHD outcomes as suggested by previous studies. 11, 12 Finally, race/ethnicity remains an important consideration in genetic studies, but whether it may uncover or otherwise modify putative associations of ALOX5 gene variants and atherosclerosis or CHD outcomes has yet to be examined. Overall, whether ALOX5 variants associate with atherosclerosis or CHD is unclear, and potential interactions with PUFAs and race/ethnicity have not been collectively studied in a large cohort population. The present analysis examines common ALOX5 gene SNPs and their cross-sectional association with subclinical atherosclerosis determined by common and internal cIMT values in 6153 participants of the MultiEthnic Study of Atherosclerosis (MESA). In addition, their associations with incident CHD during a median 8.5-year study period were also determined. and modifying influences of plasma phospholipid levels of AA, EPA, and DHA as well as race/ethnicity among black, white, Chinese American, and Hispanic participants were tested.
Methods

Study Population
The design of the MESA study has been described previously, 13 and information about the MESA protocol is available at www.mesa-nhlbi.org. Briefly, 6814 men and women between the ages of 45 and 84 years without clinical evidence of cardiovascular disease were recruited from 6 communities in the United States. Institutional review board approval was obtained at all MESA sites, and all participants gave informed consent. The current study excluded participants with missing covariates. The remaining study population contains 6153 individuals of the following races/ethnicities: white (n=2477), black (n=1540), Hispanic (n=1399), and Chinese American (n=767). All study participants gave informed consent and were followed for a median follow-up period of 8.5 years. Age, race/ethnicity, sex, and baseline measurements including hypertension (taking hypertension medication or with systolic blood pressure >140 mm Hg), diabetes (treated or untreated diabetes mellitus as determined by having fasting plasma glucose levels >126 mg/dL according to 2003 American Diabetes Association fasting criteria algorithm), 14 lipid-lowering medication, and smoking status (former and current) were recorded. All related laboratory measurements and imaging data were obtained at baseline as well.
Genotyping
Participants in the original MESA cohort who consented to genetic analyses were genotyped in 2009 with use of the Affymetrix Human SNP array 6.0. Genotype quality control for these data included filtering on an SNP level call rate <95%, an individual level call rate <95%, and heterozygosity >53%, as described previously. 15 The 
Laboratory Measurements
Fasting plasma triglyceride, total cholesterol, and high-density lipoprotein cholesterol (HDL-C) concentrations were measured as described previously. 16 Low-density lipoproteincholesterol (LDL-C) was calculated based on the Friedewald formula in participants with triglycerides <400 mg/dL. Plasma phospholipid AA (20:4, n-6), EPA (20:5, n-3), and DHA (22:6, n-3) were measured by using gas chromatography flame-ionization as described previously. 17 The fatty acids were assayed in 2 batches in 2008 and then in 2012. A shift in fatty acid levels was observed between batches, and assay batch was therefore included as a covariate in the analysis. In terms of reproducibility, correlations of variance for fatty acids were as follows: AA (10.7%), EPA (7.6%), and DHA (8.5%).
Subclinical Atherosclerosis
The cIMT was assessed at visit 1 by using ultrasonography. Both common and internal cIMT values were included in the analysis. Trained technicians performed B-mode ultrasonography of the right and left near and far walls of the internal carotid and common carotid arteries by using the Logiq 700 ultrasound device (General Electric Medical Systems) as described previously. 18 Maximal IMT values of the internal and common carotids were measured as the mean of the maximum IMT values of the near and far walls of the right and left sides. Reproducibility of IMT measurements has previously been assessed by blinded replicate readings, performed by 2 readers. One reader reread 66 studies for an interreader correlation coefficient of 0.84 (n=66), and a second reader reread 48 studies, with a correlation coefficient of 0.86. The rescan and the reread coefficients of variation were 7.07% and 3.48%, respectively.
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Incident Coronary Heart Disease Incident CHD was defined as the first occurrence of MI (n=150), resuscitated cardiac arrest (n=19), CHD death (n=70), or definite angina (n=158). Definite angina was defined as symptoms of typical chest pain and physician diagnosis of angina followed by percutaneous coronary intervention or coronary artery bypass graft surgery, evidence of ischemia on stress tests or resting ECG, or ≥70% obstruction on coronary angiography.
Statistical Analysis
The fatty acid measures (EPA and DHA) were log-transformed. Allele frequencies were assessed for each SNP and tested for Hardy-Weinberg equilibrium separately. SNPs that did not satisfy Hardy-Weinberg equilibrium were excluded. Multivariable linear regression was used to test for associations between cIMT and ALOX5 SNPs separately assuming an additive model, with or without SNP-fatty acid interaction. Robust standard error was used when assessing the significance of interactions. Assumptions of linear model were examined and confirmed by using residual plots. Cox proportional hazard regression was used to test for CHD-SNP associations. The proportional hazards assumption was examined by using the scaled Schoenfeld residuals. 21 Age, sex, body mass index, smoking, systolic blood pressure, hypertension and lipid-lowering medication use, diabetes, cholesterol LDL, HDL, and (log-transformed) triglycerides, and batch of fatty acid measure (described earlier) were adjusted. All analyses were performed based on race/ethnicity, a subsequent meta-analysis was carried out to combine the association results, and the heterogeneity of effect size was further tested. Bonferroni correction was used to account for multiple testing of 1348 SNPs and in 4 race groups.
Results
Baseline characteristics for 6153 MESA participants, stratified by race/ethnicity, are shown in Table 1 . Associations of 1348 ALOX5 SNPs with common cIMT, internal cIMT, and CHD events were determined. No significant associations in the cohort or within each race/ethnic group were detected. We then tested interactions among ALOX5 SNPs, the aforementioned outcome variables, and plasma levels of PUFAs AA, Table 3 with SE and P-values specified. Regression coefficients are presented for associations between common or internal IMT outcomes and the specified fatty acid (EPA, DHA, or AA) as well as associations of the specified fatty acid with ALOX5 variants. Interactions of the ALOX5 variants, levels of specified fatty acid, and IMT are further indicated. No significant interactions were identified after corrections for multiple testing.
The marginal associations between 7 ALOX5 polymorphisms and CHD risk with plasma fatty acids serving as modifying variables are shown in Table 4 . In the MESA cohort, only EPA was significantly associated with CHD risk, so only log-transformed EPA was considered as a modifying variable. Hazard ratios are indicated for associations between EPA and incident CHD as well as EPA and ALOX5 variants. The interactions of ALOX5 variants, EPA, and incident CHD are further specified. No associations were found among single SNPs and CHD, including rs12762303, which was previously reported to be tightly linked to promoter region SP1 tandem repeats variation in European Americans. 10 Associations for all 1348 SNPs are reported in Supplementary Material.
Discussion
In the present study of 6153 apparently healthy MESA participants at baseline, associations among ALOX5 SNPs and subclinical atherosclerosis as well as CHD events were examined. Modifying influences of race/ethnicity and plasma PUFAs were also tested. Our results showed no significant associations between 1348 ALOX5 SNPs and the presence of subclinical atherosclerosis or the occurrence of clinical CHD events. The null findings persisted after including plasma levels of AA, EPA, and DHA as modifying variables. The LOX-5 pathway generates key players in the inflammatory response including the series-4 leukotrienes, which have been shown to mediate chemotaxis and vascular permeability and maintain the overall inflammatory environment. 22, 23 As these processes are also hallmarks of atherogenesis, LOX-5 activity and ALOX5 genotypes have been proposed as potential contributors to disease. Human tissue studies as well as those using rodent models of atherosclerosis support a role for the LOX-5 leukotriene pathway for inducing atherosclerosis. 4, 6, 7, [24] [25] [26] [27] Corresponding case-control studies in human subjects have reported positive associations between ALOX5 and atherosclerosis, though null findings have also been shown. In a cohort of 470 healthy, middle-aged individuals from the Los Angeles Atherosclerosis Study, participants with 2 copies of variant alleles (deletion or insertion of Sp1 motifs) of a tandem SP1 binding motif polymorphism in the ALOX5 promoter region showed an increase in cIMT compared with those who carried the wildtype allele. 8 This association was enhanced by dietary intake of AA and blunted by intake of long-chain omega-3 fatty acids EPA (20:5, n-3) and DHA (22:6, n-3). A follow-up study in a larger case-control population of Costa Rican individuals (1885 pairs) showed that the variant alleles of the ALOX5 SP1 motifs were not associated with the occurrence of MI.
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However, once dietary PUFA intake was included as a modifying variable, a significant MI risk was observed in subjects with high dietary AA intake, while EPA or DHA showed no modifying effect on the ALOX5-MI association. In contrast to these results, subsequent studies have been unable to demonstrate a relationship between ALOX5 SNPs and atherosclerosis or CHD. These include a case-control study of MI in the United Kingdom 28 and 2 case-control 17 we showed no significant interaction with the ALOX5 SNPs on their association with subclinical atherosclerosis or clinical CHD outcomes. These findings are in agreement with those from the ARIC cohort. 10 
Strengths and Limitations
The present analysis included a large multiethnic population, and quantified fatty acids were available in all study participants. However, it must be acknowledged that only ALOX5 genotyping was performed and no corresponding evidence of LOX-5 protein expression or enzymatic activity was measured. In addition, we did not use an autosomal recessive model for assessing the effect of SP1 tandem variants but instead used a logistic additive model to test the impact of these SNPs. A final limitation of the present analysis is that the vast majority (97.4%) of the 1348 ALOX5 SNPs were imputed but were subsequently filtered based on imputation quality.
Conclusions
While previous studies using cell culture, animal models, and human case-control designs have supported a role for LOX-5 pathways in the development of atherosclerosis, we found that ALOX5 SNPs were not associated with either the presence of atherosclerosis or CHD incidence over timeeven after considering interactions with plasma fatty acids and race/ethnicity. LOX-5 protein expression and enzyme activity likely contribute to disease pathogenesis, but ALOX5 SNPs do not appear to be related to these disease outcomes.
